The pharmacokinetic (PK) behavior of monoclonal antibodies in cynomolgus monkeys (cynos) is generally translatable to that in humans. Unfortunately, about 39% of the antibodies evaluated for PKs in cynos have fast nonspecific (or non-targetmediated) clearance (in-house data). An empirical model relating variable region (Fv) charge and hydrophobicity to cyno nonspecific clearance was developed to gauge the risk an antibody would have for fast nonspecific clearance in the monkey. The purpose of this study was to evaluate the predictability of this empirical model on cyno nonspecific clearance with antibodies specifically engineered to have either high or low Fv charge. These amino acid changes were made in the Fv region of two test antibodies, humAb4D5-8 and anti-lymphotoxin ␣. The humAb4D5-8 has a typical nonspecific clearance in cynos, and by making it more positively charged, the antibody acquires fast nonspecific clearance, and making it less positively charged did not impact its clearance. Anti-lymphotoxin ␣ has fast nonspecific clearance in cynos, and making it more positively charged caused it to clear even faster, whereas making it less positively charged caused it to clear slower and within the typical range. These trends in clearance were also observed in two other preclinical species, mice and rats. The effect of modifying Fv charge on subcutaneous bioavailability was also examined, and in general bioavailability was inversely related to the direction of the Fv charge change. Thus, modifying Fv charge appears to impact antibody PKs, and the changes tended to correlate with those predicted by the empirical model.
Hundreds of monoclonal antibody (mAb) therapeutics have been evaluated in clinical trials as potential life-saving therapeutics, yet only about 30 are approved for use in the United States and/or Europe, and they span therapeutic areas such as oncology, ophthalmology, viral infections, and autoimmune disease (1) . These therapeutics fail for four main reasons, including lack of efficacy, safety, business, and others (2) . As such, there is an effort to conduct appropriate preclinical stud-ies to reduce the chances of failure as much as possible in the clinic. The focus of this paper is on efforts to lower the risk of fast antibody pharmacokinetics.
Factors that affect antibody pharmacokinetics (PK) 2 include antibody-specific properties (charge, hydrophobicity, target affinity, FcRn affinity, Fc␥ receptor interactions, and glycosylation) (3), target properties (expression level, turnover rate, and soluble versus membrane-associated) (4, 5) , drug administration (dose and route) (3, 6) , anti-therapeutic antibody formation (6, 7) , off-target/nonspecific binding (8 -12) , and disease state (healthy volunteers versus patients) (13) . Given the many factors that could affect the PK of therapeutic antibodies, finding a representative preclinical species in which to assess PK is imperative. An in-depth analysis of 23 monoclonal antibodies with linear PK and six with non-linear PK from three preclinical species yielded the conclusion that cynomolgus monkeys (cynos) are reliable for human PK predictions (14, 15) . Therefore, PK characterization in cynos is a key step in the therapeutic mAb development process.
Approximately 39% of the bivalent antibodies evaluated for PK in cynos (in-house data, n ϭ 118) have fast nonspecific clearance, Ͼ8 ml/day/kg. A cutoff of 8 ml/day/kg was determined following a population analysis of cyno PK data from 25 antibodies, which indicated that antibodies that had acceptable kinetics in the clinic had a nonspecific clearance below 8 ml/day/kg in the cyno, with only one antibody, MNRP1685A, being an outlier. 3 One method to reduce the number of antibodies with fast nonspecific clearance (CL) is to screen antibodies for general nonspecific binding using a baculovirus (BV) binding assay (16) . Although this assay can help mitigate the risk of fast nonspecific clearance, it does not identify all antibodies that display fast nonspecific clearance. Indeed, with a false negative rate of about 10%, additional tools are necessary to further minimize the risk of fast nonspecific clearance.
More recently, we have shown that an empirical model based on in silico calculations of variable region (Fv) charge and hydrophobicity may have utility for risk assessment (17) . Briefly, the model calculates the charge of the Fv region at pH 5.5 and the hydrophobicity (using the Eisenberg scale) of the CDRs in the L1, L3, and H3 domains. Antibodies that have an Fv charge between 0 and 6.2 tended to have acceptable nonspecific CL in the monkey (CL Ͻ8 ml/day/kg), although antibodies with Fv charge outside that range tended to clear faster. Similarly, antibodies with an Fv hydrophobicity sum of Ͼ5.2 (of select CDRs) tended to clear fast, whereas those with lower Fv hydrophobicity sum values had acceptable nonspecific CL. There has been some evidence in the literature indicating the antibody isoelectric point (pI) (18 -22) and even Fv pI (16, 23, 24) can impact PK; however, the model evaluated in this study attempts to establish a range of Fv charges that may lower the risk of fast nonspecific CL in cynos.
Development of the empirical model was based on a retrospective analysis of a collection of bivalent antibodies differing in many properties rather than the result of a designed experiment. Therefore, we wanted to evaluate the predictions of the model with more systematic studies. Here, we have tested the Fv charge portion of the model through studies with designed variants of two antibodies, anti-lymphotoxin ␣ (anti-LT␣) (25) and humAb4D5-8 (anti-HER2) (26) . The humAb4D5-8 has an Fv charge within the acceptable range and acceptable cyno nonspecific CL, whereas anti-LT␣ has an Fv charge outside the acceptable range and fast nonspecific CL in cynos. Both antibodies are calculated to have low Fv hydrophobicity. Two variants were made for each antibody as follows: one that had a more positively charged Fv than the parental antibody and one had a less positively charged Fv. Our hypothesis is that the higher positive charge would lead to faster nonspecific CL through increased nonspecific binding, perhaps due to greater electrostatic interactions with the negatively charged extracellular matrix (27, 28) , whereas the lower positive charge would lead to decreased nonspecific binding and slower nonspecific CL. From the prediction of the model, the anti-LT␣ variant with reduced positive charge should clear within the acceptable range (nonspecific CL Ͻ8 ml/day/kg). The PK for the parental antibodies and their Fv charge variants were assessed in cynos following i.v. and s.c. administration. Similar studies were conducted in mice and rats to determine whether similar PK trends would be observed across species. Our results with both anti-LT␣ and humAb4D5-8 support the predictions based on the in silico model.
Experimental Procedures
Production and Characterization of Antibody Variants-Crystal structures of anti-LT␣:LT␣ (Protein Data Bank code 4MXV) (29) and humAb4D5-8:HER2 (Protein Data Bank code 1N8Z) (30) were examined using MacPyMOL (Schrödinger, Inc.). In addition to selection criteria of non-antigen contact and side chain solvent accessibility, high variability in the Kabat database (31) was used to choose sites for substitution. Amino acid substitutions were modeled onto antibody structures, and electrostatic surfaces were calculated using vacuum electrostatics setting of MacPyMOL. Oligonucleotide-directed mutagenesis was used to incorporate amino acid sequence changes following the protocol described in Kelley and Meng (32) . Antibody variants were transiently expressed in CHO cells and purified using immunoaffinity chromatography as described previously (33) . Antibody pI values were determined using imaged capillary isoelectric focusing as described in Li et al. (34) .
Binding Affinity Characterization-All kinetic experiments were performed with a BIAcore T200 instrument. For the kinetic measurement of humAb4D5-8 and its variants binding to Her2 as well as anti-LT␣ and its variants to LT␣1␤2, an anti-human Fc-capture antibody was immobilized onto a series S CM5 sensor chip. Antibodies were sequentially flowed over flow cells 2-4 to allow capture of IgG to 50 -150 resonance units, after which antigens were flowed over the immobilized IgGs (30 l/min for 5 min) to measure the binding response using flow cell 1 for reference subtraction. To measure the kinetics for K D determination, a 5-point dilution series (1.23-100 nM) of Her2 or a 9-point dilution series (0.076 -500 nM) of LT␣1␤2 were measured for binding to corresponding captured IgGs, respectively, as described above and fit to a simple 1:1 binding model in the BIAevaluation software.
BV ELISA-The assay was performed as described previously (16) . Briefly, BV particles were coated on 384-well ELISA plates at a 1% suspension. The plates were then blocked with PBS/BSA and test antibodies were added to the plates for an hour. Bound antibodies were detected with goat anti-human IgG conjugated to horseradish peroxidase (Jackson ImmunoResearch), followed by the addition of tetramethylbenzidine substrate and 1 M phosphoric acid. The absorbance was read at 450 nm and referenced at 620 nm. A value of Ͼ1 in the assay suggests that an antibody is at greater risk for fast clearance in the monkey.
Anti-LT␣ in Vitro Cell Potency Characterization-Functional blocking of NF-B reporter assays was performed as described previously (29) . Briefly, HeLa cells stably expressing the NF-B-luciferase reporter construct were preincubated with antibody variants from 30 min at 37°C and then stimulated with 200 ng/ml LT␣3 or LT␣1␤2. Cells were lysed 6 h later, and luciferase activity was measured using the Promega Luciferase Assay System, with luminescence read using EnVision (PerkinElmer Life Sciences).
FcRn Binding Affinity-Affinity for soluble human FcRn was determined by surface plasmon resonance measurements on a BIAcore T200 (GE Healthcare) instrument as described previously (34) .
Pharmacokinetics in Cynomolgus Monkeys-The animal protocol was approved by the IACUC of Charles River Laboratories (Reno, NV). Forty eight experimentally naive cynomolgus monkeys weighing between 3 and 5 kg (Macaca fascicularis, Chinese origin) were used for this study and were assigned to 1 of 12 groups based on test article and administration route assignment as presented in Table 1 . Blood was collected via the femoral vein into serum separator tubes at the following time points post-dose: 15 min, 8 h, and 1, 3, 7, 14, 21, 28, and 35 days. The blood samples were allowed to clot for 20 min at room temperature and then centrifuged at 2000 ϫ g for 10 min at 4°C. The serum samples were separated from the blood clot and stored frozen at Ϫ80°C until analysis.
Pharmacokinetics in Rats and Mice-All animal protocols were approved by the IACUC of Genentech, Inc., and were conducted in accordance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals. Thirty-six experimentally naive female Sprague-Dawley rats weighing ϳ250 g or 108 experimentally naive female C57BL/6 mice weighing ϳ20 g were assigned to 1 of 12 groups, in a design identical to that of the cyno study. All animals receive a single 10 mg/kg dose of their respective dose solutions via either IV or s.c.. Blood (n ϭ 3 per time point) was collected via the tail vein for the rats and retro-orbital for the mice into serum separator tubes at the following time points post-dose: 15 min, 1 and 6 h, and 1, 3, 7, 14, 21, and 28 days. The rats were serially sampled, whereas the mice were sparse sampled utilizing three sample groups rotating at each collection time point. The blood samples were allowed to clot for 30 min at room temperature and then centrifuged at 2000 ϫ g for 10 min at 4°C. The serum samples were separated from the blood clot and stored frozen at Ϫ80°C until analysis.
Total Antibody ELISA-Total antibody concentrations in cynomolgus monkey, rat, and mouse serum were measured with an ELISA using the Gyros technology platform (Gyros US Inc., Warren, NJ) and a generic PK assay. This assay uses biotinsheep anti-human IgG antibody as capture and Alexa Fluor 647-conjugated sheep anti-human IgG as detection. The minimum dilution for this assay was 1:10. The assay has a standard curve range of 0.03-30 g/ml for cynomolgus monkey and mouse serum and a range of 0.1-30 g/ml for rat serum.
PK Parameter Estimation-PK parameters were estimated using SimBiology, version 4.3.1 (The Mathworks, Inc., Natick, MA). A two-compartment model with a depot for the s.c. space and parallel nonspecific and specific clearance combined with naive pooling the data were used for parameter estimation. The i.v. and s.c. data for each molecule were simultaneously fit to estimate the following PK: t1 ⁄ 2␤ (terminal half-life), nonspecific CL, area under the concentration-time curve from time 0 to time of last measurable concentration, as calculated using the linear trapezoidal rule, volume of distribution in the central compartment, bioavailability, k a (absorption constant), t max (time to maximum serum concentration), and C max (maximum serum concentration). The t max and C max values were generated for s.c. administration only. Antibody concentrations below the limit of detection were interpreted as missing for graphical and summary presentations and were not included in any calculations. The nominal dose administered to each group was used for parameter estimation.
Statistical Analysis-Statistical analysis for PK parameters was performed using GraphPad Prism version 6.05 (La Jolla, CA) using a one-way analysis of variance followed by the Dunnett's multiple comparison test.
Results
Design of Mutants-Structures of the anti-LT␣⅐LT␣ and humAb4D5-8⅐HER2 complexes ( Fig. 1 ) were examined to identify solvent-accessible, non-antigen-contacting CDR residues that could be candidate positions for substitution without impact on antigen binding. CDR regions were chosen for introduction of Fv charge variation because these are the hypervariable segments and are more tolerant of amino acid change than the framework regions. From this analysis of anti-LT␣, positions 28, 52, and 54 of the light chain and 55 and 64 of the heavy chain were selected. Substitutions VL-A28K, S52K, and VH-A55K resulted in a variant with a calculated increase in Fv charge of ϩ3. A variant with a calculated Fv charge change of Ϫ4 was created through substitutions VL-A28D, R54S, and VH-A55D, K64Q. Similarly, humAb4D5-8 substitutions VH-D31R, D61Q, S62K, and G65R were used to design a variant with a calculated Fv charge increase of ϩ5. A humAb4D5-8 variant with a calculated Fv charge change of Ϫ4 was produced through substitutions VH-N28D, K30S, S62D, and G65D. Substitutions for humAb4D5-8 were all on the heavy chain, CDRs H1 and H2, whereas substitutions for anti-LT␣ variants were in CDRs L1, L2, and H2. These substitutions expanded electropositive or electronegative patches calculated for the surface of the modeled variants ( Fig. 1B) .
Mutant Alignment with Fv Charge and Hydrophobicity Model-The sequences of the anti-LT␣ and humAb4D5-8 mutants were added to the empirical model that had been developed relating Fv charge at pH 5.5 and hydrophobicity to the cyno nonspecific clearance parameter (17) to see where they would align compared with their parental counterparts (Fig. 2) . The parental anti-LT␣ antibody started with an Fv charge of ϩ8.1, which is above the theoretical cutoff of acceptable Fv charge of ϩ6.2 (17) . The positive mutant, with a calculated Fv charge of ϩ11.1, was also outside this range, whereas the negative mutant, with a calculated Fv charge of ϩ4.1, was within the range. The parental humAb4D5-8 antibody started with an Fv charge of ϩ6.1, just inside the theoretical acceptable range. The positive mutant, with a calculated Fv charge of ϩ11.1, was outside of this range, whereas the negative mutant, with a calculated Fv charge of ϩ2.2, was within this range. Based on their placement in the model, the antibodies with an Fv charge within the 0 -6.2 range are predicted to have a cyno-nonspecific CL of Ͻ8 ml/day/kg, whereas those outside that range are predicted to have a cyno-nonspecific CL of Ͼ8 ml/day/kg. Antibody Characterization-The parental antibodies and mutant antibodies were characterized for calculated Fv charge, hydrophobicity product, pI, antigen binding affinity, and human FcRn binding affinity ( Table 2 ). The amino acid substitutions produce a large change in charge calculated for the Fv but only a minimal change (Ͻ1 pI unit) in pI measured for the whole antibody. The parental antibodies have low calculated hydrophobicity products, and the amino acid substitutions in the variants have a minimal effect on these values. The charge alterations in the Fv region had no significant impact on the antibody's ability to bind to target as the binding affinity values for all mutants were within 2-fold of their parental antibodies. Consistently, the binding kinetics of the mutants to their respective antigens, as determined by BIAcore, were also similar to their parental antibodies (Fig. 3) . For anti-LT␣, the charge variants did not have an impact on potency measured in a cellbased assay of LT␣ or LT␣1b2 activity (Fig. 4 ). There was little difference in FcRn binding affinity among the mutants as well. The more positively charged Fv variants for both humAb4D5-8 and anti-LT␣, but not the less positively charged Fv variants, show strong binding in the baculovirus assay (16) , indicating an increased propensity for nonspecific binding.
Antibody Pharmacokinetics in Cynomolgus Monkeys, Rats, and Mice-The parental antibodies and their Fv charge mutants were administered as a single 10 mg/kg dose to cynomolgus monkeys, rats, and mice via either intravenous or subcutaneous dosing. In cynos, the preclinical species whose PK is most translatable to human PK (14), striking differences in halflife, nonspecific CL, exposure (area under the concentration-time curve), maximum serum concentration (C max ), and bioavailability were noted among the variants (Fig. 5) . The humAb4D5-8 parental antibody displayed a biphasic concentration-time profile with a nonspecific clearance of 6.22 Ϯ 0.607 ml/day/kg and an s.c. bioavailability of about 72% (Table  3) . Increasing the Fv charge by 5 charge units resulted in ϳ8-fold faster nonspecific clearance, whereas decreasing the Fv charge by 4 charge units had no impact on nonspecific CL. There was no significant impact on s.c. bioavailability with an increase in Fv charge, but there was a significant increase in s.c. bioavailability when Fv charge was decreased (p Ͻ 0.05). The trend in terminal half-life was similar to that for nonspecific CL. The C max value following s.c. administration of the parental humAb4D5-8 antibody was 88.0 g/ml, and an increase in Fv charge resulted in a significant decrease in maximum concentration (16.2 g/ml), whereas a decrease in Fv charge resulted in a significant increase (118 g/ml). There were differences in time to maximum concentration (t max ) following s.c. administration, but there was no clear charge-related trend. The impact of modulating Fv charge on the anti-LT␣ antibodies was more striking. Parental anti-LT␣ has a nonspecific clearance of 14.9 ml/day/kg and an s.c. bioavailability of 59.9%. Increasing Fv charge by 3 charge units resulted in a 4-fold increase in nonspecific clearance and a 2-fold decrease in s.c. bioavailability, whereas decreasing Fv charge by 4 charge units resulted in 2.5-fold decrease in nonspecific clearance but no significant change in s.c. bioavailability. The terminal half-life for the more positively charged anti-LT␣ variant was shorter (3.23 days), although not statistically significant, than that of the parental (4.62 days), whereas the terminal half-life for the less positively charged variant was significant longer (7.33 days). The C max and t max values for anti-LT␣ variants followed the same trends as those observed with the humAb4D5-8 variants. Charge had very little impact on the absorption rate constant (k a ) for either set of antibodies.
To determine whether the trend in nonspecific CL and s.c. bioavailability observed in cynos would be conserved across other preclinical species, we also evaluated the PK of these antibodies in mice and rats. As presented in Fig. 6 for rats and in Fig.  7 for mice, similar pharmacokinetic profiles were observed in these lower species to those observed in cynos. Increasing Fv charge resulted in faster nonspecific clearance for both anti-LT␣ and humAb4D5-8, whereas decreasing Fv charge resulted in a slower nonspecific clearance for anti-LT␣, and no signifi- DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 29735 cant change for humAb4D5-8. The PK parameters for these species are presented in Table 4 .
Fv Charge and PK Risk Assessment

Discussion
Introducing site-specific amino acid mutations to alter the charge of the Fv region of two monoclonal antibodies resulted in significant PK changes in cynos. Utilizing the antibody-antigen crystal structures enabled the selection of amino acids that were not directly involved in antigen binding and therefore should have limited impact on target affinity, as was the case. Furthermore, no other significant alterations in the antibody characteristics, including antibody pI, Fv hydrophobicity, or FcRn binding affinity, were noted ( Table 2) . Making the anti-LT␣ and humAb4D5-8 Fv more positively charged resulted in significantly faster nonspecific clearance compared with their parental counterparts. This increase in nonspecific clearance could be due to electrostatic interaction between the more positively charged Fv and the negatively charged components of vascular and/or tissue cells, such as negatively charged glycos-aminoglycans and proteoglycans (27, 28) . By being attracted to negatively charged moieties, it is hypothesized that the antibodies could be sequestered from circulation and possibly could also undergo more fluid phase pinocytosis due to their higher concentration in the extracellular space, thus increasing their overall clearance from the body (35) . Indeed studies have been conducted to show that cationized antibodies are more efficiently internalized into cells by absorptive-mediated endocytosis than their less positively charged counterparts (35) . An alternative hypothesis has recently been proposed by Schoch et al. (36) in which specifically located positively charged regions in the CDRs of antibodies have been shown to prolong the association of antibodies with FcRn, thus preventing their dissociation from FcRn and increasing their degradation. We did not observe a greater than 2-fold change in FcRn binding affinity at pH 5.8 for any of the Fv charge variants that would support this hypothesis. However, the assay we used measures the k on of the interaction, although the method published by Schoch et al. (36) focuses more on the k off . It is possible that it is this k off measurement that corresponds more to systemic nonspecific CL than the k on . More studies are needed to resolve the mechanism driving the faster nonspecific clearance of these variants.
Decreasing the positive charge of the Fv regions of these two antibodies resulted in different PK trends; the humAb4D5-8 Ϫ4 variant had very similar nonspecific CL as its parental counterpart, whereas the anti-LT␣ Ϫ4 variant cleared slower. The nonspecific CL changes for the anti-LT␣ less positive variant is consistent with the electrostatic hypothesis in that the antibody should be less attracted to the negatively charged components of cells within tissues, thus clearing more slowly. However, the reason for the lack of a change in nonspecific CL for the less positively charged humAb4D5-8 variant is currently unclear. It had a reduction in Fv charge by about 4 units, going from a ϩ6.1 to a ϩ2.2. It is possible that charge changes within the accept-able range predicted by the model of 0 -6.2 do not mediate a change in PK or that the mutations chosen had no significant impact on the overall charge distribution within the Fv, as indicated by the homology model for this variant compared with its parental antibody (Fig. 1 ). Alternatively, it is possible that even in the presence of further charge repulsion, the basal level of pinocytosis is already quite low so differences in kinetics may not be detectable. Further investigation into this is warranted to understand the low Fv charge cost/benefit relationship.
The effect of altering Fv charge on s.c. bioavailability was less clear than that for nonspecific CL. For the anti-LT␣ variants, the more positively charged variant showed a significant decrease in s.c. bioavailability compared with its parental counterpart (31% versus 60%), although there was no significant change in the s.c. bioavailability for the less positively charged variant (70% versus 60%). The opposite trend was observed for DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50 the humAb4D5-8 antibodies. The s.c. bioavailability was not significantly decreased with the more positively charged variant (72% versus 83%), but there was a significant increase in s.c. bioavailability for the less positively charged variant (Ͼ100% versus 83%). We did observe a charge-dependent trend in C max , with the more positively charged variants having lower maximum serum concentrations, and the less positively charged variants having higher maximum serum concentrations than their parental counterparts. Mach et al. (37) hypothesized that antibody charge could affect antibody s.c. bioavailability and examined the binding of antibodies to rat s.c. tissue ex vivo. They observed a trend that the more positively charged antibody (pI ϭ 9.1) bound more to the rat s.c. tissue than the less positively charged antibody (pI ϭ 7.3). Altering the ionic strength of the formulation buffer or antibody concentration changed the degree of binding to the rat tissue. Indeed, all antibodies examined in this study had calculated antibody pI values ranging from 8.75 to 9.55, and all were dosed at the same con-centration, so there may not have been enough of a difference among the antibodies to observe a clear difference in bioavailability. Furthermore, Igawa et al. (23) also were not able to see a clear correlation between s.c. bioavailability in mice and total antibody pI, even with antibodies with pI values ranging from 7.2 to 9.2. A variety of mechanisms can contribute to s.c. absorption, including formulation, rate of proteolysis, endocytosis, and FcRn recycling (6); therefore, it is also possible that altering antibody electrostatics is not enough to elicit a significant change in any or all of these processes. This could also explain why no significant difference was observed in the absorption rate constant values among the charge variants. The trend observed with C max was likely due to a combination of the lower/higher absorption and faster/slower systemic clearance, depending on the direction of Fv charge modification. A more directed approach of sampling the s.c. space or lymphatic fluid may provide a better understanding of which processes are driving the kinetics from this com- partment and whether Fv charge can indeed affect those processes.
Fv Charge and PK Risk Assessment
Similar PK profiles for all variants were observed in all preclinical species tested. The lack of species dependence in PK supports the hypothesis for a nonspecific electrostatic interaction. However, the magnitude of change in nonspecific CL and bioavailability did differ among the species. For example, in all species, the more positively charged variant of anti-LT␣ cleared about four times faster than the parental antibody; however, the less positively charged variant cleared between 2.5 and 13-fold slower than the parental antibody, depending on the species. For humAb4D5-8, cyno and mouse displayed similar changes in nonspecific CL with the more positively charged variants clearing ϳ8 -9 times faster than the parental, whereas the less positively charged variant cleared similarly to that of the parental. However, in rats, the more positively charged variant cleared only ϳ2 times faster than parental, whereas the less positively charged variant cleared 2 times more slowly. Similar differences among the species were noted in s.c. bioavailability as well. These species differences could be due to inter-study variability, differences in FcRn affinity (38) , or qualitative differences in animal physiology (14, 39 -41) . Despite these species differences in the magnitude of change, the consistency in the direction of the change among species suggests that these trends would also hold true in humans.
The PK trends we observed with the charge variants tested in this study are consistent with those predicted by the empirical model. The antibodies with an Fv charge greater than ϩ6.2 had Fv Charge and PK Risk Assessment DECEMBER 11, 2015 • VOLUME 290 • NUMBER 50 JOURNAL OF BIOLOGICAL CHEMISTRY 29739 faster than acceptable nonspecific clearance (Ͼ8 ml/day/kg), whereas those with an Fv charge within the 0 -6.2 range had acceptable nonspecific clearance (Ͻ8 ml/day/kg). However, these trends were only observed with two antibodies. It is possible that similar Fv charge modifications with other antibodies may not yield results that are consistent with the model, especially because this is an empirically derived model, not grounded on biological interactions and using handpicked parameters such as monitoring the Fv charge at pH 5.5 or only including the physicochemical properties of select light and heavy chain domains (17) . Nonetheless, this approach was able to accurately predict the PK of anti-LT␣ parental, whereas another test to lower risk, the BV assay, was not. In the BV assay, the anti-LT␣ antibody had relatively low nonspecific binding and was not flagged as an antibody at risk for fast nonspecific clearance in the cyno. However, in this case the Fv charge of ϩ8.1 was predictive of high risk for fast nonspecific CL in cyno, and with nonspecific clearance of 14.9 ml/day/kg, this antibody did indeed clear faster than typical antibodies. This observation suggests that not all screening methods are 100% accurate and that using multiple tests may provide a more accurate picture of what the true risk for an antibody may be. Our results suggest that in silico calculations of Fv charge provide a complementary tool to nonspecific binding assays for risk assessment of fast nonspecific clearance. Consequently, given that the PK was consistent with that predicted by the model and that a multifaceted risk analysis approach may be beneficial for antibody development, this model may be useful to select against antibodies with high Fv charge in the case when all other factors are equal. Similarly, if an antibody does prove to have fast nonspecific clearance in the monkey and its Fv charge is high, it may be worth introducing mutations to decrease charge and potentially improve the PK of the antibody. Indeed, Sampei et al. (24) used a similar approach to rescue one of their fast clearing antibodies. We took advantage of the availability of high resolution, antigen-antibody complex structures to design variants having minimal impact on antigen binding. In cases where complex structures are not available, determination of the functional paratope of an antibody could be used to identify substitutable positions (42) (43) (44) (45) (46) . An alternative approach may be to change the framework of the antibody, as that has been shown to significantly change the pI of antibodies, resulting in significantly altered PK and tissue distribution (34) . Thus, using this model along with other screening methods for antibodies may help lower the risk of developing antibodies with PK liabilities while still retaining antibody binding and activity.
